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Comparative genomic hybridization (CGH) is a
new molecular cytogenetic method for the detec-
tion of chromosomal imbalances. Following cohy-
bridization of DNA prepared from a sample to be
" studied and control DNA to normal metaphase
__spreads, probes are detected via different fluoro-
“chromes. The ratio of the test and control fluores-
cence intensities along a chromosome reflects the
relative copy number of segments of a chromosome
in the test genome. Quantitative evaluation of CGH
. experiments is required for the determination of
low copy changes, e.g., monosomy or trisomy, and
- for the definition of the breakpoints involved in un-
balanced rearrangements. In this study, a program
for quantitation of CGH preparations is presented.
This program is based on the extraction of the
fluworescence ratio profile along each chromosome,
followed by averaging of individual profiles from
several meta phase spreads. Objective parameters

critical for quantitative evaluations were tested, and
the criteria for selection of suitable CGH prepara-
tions are described. The granularity of the chromo-
some painting and the regional inhomogeneity of
fluorescence intensities in metaphase spreads
proved to be crucial parameters. The coefficient of
variation of the ratio value for chromosomes in bal-
anced state (CVBS) provides a general quality crite-
rion for CGH experiments. Different cutoff levels
(thresholds) of average fluorescence ratio values
were compared for their specificity and sensitivity
with regard to the detection of chromosomal
imbalances. © 1995 Wiley-Liss, Inc.

Key terms: Comparative genomic hybridization,
CGH, fluorescence in situ hybridization, chromo-
somal imbalances, tumor cytogenetics, quantitative
image analysis, fluorescence ratio imaging

Comparative genomic hybridization (CGH; 8) is a new
molecular cytogenetic approach based on two-color
- fluorescence in situ suppression hybridization (3,8,10).
CGH allows a comprehensive analysis of gains and losses
of entire chromosomes as well as mapping of the
¢hromosomal subregions present in unbalanced copy
numbers. Chromosomal imbalances can be detected by
CGH only if they are present in a high proportion of the
test sample cells. Test DNA isolated from the tissue
sample of interest, e.g., from a tumor, and control DNA
isolated from diploid cells (46,XX or 46,XY) are labeled
Separately with different reporter molecules. Equal
amounts of test and control genomic DNA are mixed and
hybridized to normal metaphase chromosome prepara-
tions together with an excess of unlabeled Cotl fraction
of human DNA. After the detection of the hybridized
sequences with two fluorochromes, e.g., fluorescein
iSothiocyanate (FITC) for the tumor DNA and tetra-
thodamine isothiocyanate (TRITC) for the normal
Control DNA, the ratios of the fluorescence intensities
Are measured along individual chromosomes. From these
fatios, the balanced state, or over-, or under-representa-

tion of a given chromosome or chromosome segment in
the test cell sample can be deduced.

It should be noted that CGH reveals only relative copy
number changes. The absolute number of a given
chromosome segment present in the majority of test
cells cannot be deduced solely by this method. Ratios
of comparative hybridization signals for diploid, triploid,
etc. cells cannot be distinguished from each other.

The potential of this method to determine the chro-
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mosomal map positions of muitiple genetic imbalances in
solid tumors has been demonstrated in several studies
(3,7-10,19,20,22—-24). The detection of chromosome ab-
errations in tumors by cytogenetic banding techniques is
often very difficult due to poor banding quality or insuf-
ficient spreading of the metaphase chromosomes. In con-
trast, CGH has a distinct advantage, in that the extent of
genetic imbalances can be mapped on reference meta-
phase chromosomes. Genomic DNA is the only material
required from the test cell specimen. Such DNA can also
be prepared from archived tumor specimens that are for-
malin fixed and paraffin embedded (22).

In many instances, gross genetic imbalances in tumor
genomes such as high-level DNA ampilifications are
readily detectable after CGH by eve using conventional
fluorescence microscopy. However, a quantitation of flu-
orescence intensity based on digital image analysis is re-
quired for an accurate CGH analysis of low copy number
changes, particularly if they are not present in the vast
majority of cells. Furthermore, digital fluorescence anal-
ysis is necessary for the assessment of multiple DNA gains
and losses. In this study, we describe a method useful for
such a quantitative evaluation. The procedure is based on
the extraction of fluorescence ratio profiles along indi-
vidual chromosomes. In a second step, average fluores-
cence ratio profiles are calculated from homologous
chromosomes of several metaphase spreads (22). The
program described in this study was used to analyze
some 140 tumor cases in two laboratories. Crucial steps
to obtain a reliable evaluation include; 1) definition of
objective parameters to select CGH preparations suitable
for quantitative evaluation, 2) standardization of image
acquisition, 3) chromosome segmentation, 4) fluores-
cence background estimation, 5) determination of the
central value providing a balanced representation of a
given chromosome segment, and 6) definition of thresh-
olds for unbalanced segments present in lower or higher
copy number. The sensitivity and specificity of the CGH
evaluation procedure was tested for differently defined
thresholds using various tumor specimens. CGH data
were compared with results obtained by cytogenetic
banding analysis as well as by interphase cytogenetic
analysis.

MATERIALS AND METHODS
CGH Experiments

Comparative genomic hybridization was carried out as
described elsewhere (3,19,20).

Program for CGH Evaluation. The program was de-
veloped on the basis of an image analysis package { TCL-
software; Multihouse, Amsterdam, The Netherlands) im-
ptemented on a MacIntosh Quadra 950. User interaction
is limited to the selection of a single chromosome in each
reference metaphase spread for the correction of the op-
tical shift, chromosome identification based on 4,6-dia-
midino-2-phenylindole dihydrochloride (IDAPI) banding,
and the elimination of chromosomes with incorrect chro-
mosomal axes (see below). For a given batch of images,
the interactive procedures (steps 2 and 4) are carried out

consecutively on each image. Thereafter, the batch of
images is processed automatically. The program com-
prises the following steps in sequential order: 1) image
acquisition; 2) correction of the optical shift; 3) determi-
nation of the chromosome axis; 4 ) chromosome identifi.
cationt; 5) determination of the FITC, TRITC, and DAPL.
profiles; 6) averaging of individual profiles; 7)
determination of the thresholds; and 8) presentation of
the results.

Image acquisition. The 512 X 512 pixels gray-level
images were acquired using a cooled charge-coupled de-
vice (CCD) camera (Photometrics, Tucson, AZ)
equipped with a Kodak KAF 1,400 chip (sampling 0.108
pixel/pm). The camera was mounted on an Zeiss Axio-
phot microscope equipped for epifluorescence. CGH im-
ages were acquired using 4 X 63 objective (Plan Neofluar,
N.A.1.25). FITC, TRITC, and DAPI images of each refer-
ence metaphase spread were recorded. The fluorophores
were selectively imaged using the following filter scts:
FITC-fluorescence, Filter No. 10 (BP 456-490, FT 510,
BP 515-565); TRITC-fluorescence, Filter No. 15 (BP 546,
FT 580, LP 590); DAPI-fluorescence, BP 365, FT 395, BP
450—490. A 100 W mercury larnp was precisely adjusted
by overlapping the focused lamp image with the lamp
mirror image. A homogeneous illumination of the optical
field was obtained by changing the collector position
according to defined homogeneity criteria (Fig. 1). Im-
ages larger than 512 X 512 pixels (for the magnification
used here) suffered from nonhomogeneous illumination.
Image contrast was increased by closing the field dia-
phragm to the border of the image acquisition area; this
resulted in a field diameter of approximately 90 um in
the object plane. Exposure times were chosen for each
fluorocbrome in order to obtain maximun: chromosomal
pixels values that equal one-half of the dynamic range of
the camera (12 bits/2 = 4,096/2). Twelve-bit images
were converted to 8-bit images according to the maxi-
mum pixel value of the image. Al optical settings as well
as the exposure times were kept constant for the images
recorded from a series of metaphase spreads acquired for
a single case. The exposure times in the present experi-
ments were in the range of 4—6 s for FITC and 35 s for
TRITC (Fig. 2). Optimal exposure times (2—5 s) for DAPI
were also important, since DAPI images were used both
for chromosome identification and the formation of seg-
mentation masks (see below). The relatively short expo-
sure times required to take these images indicate that the
demands for the CCD camera do not include the integra-
tion of very weak signals. The test DNA was generally
visualized using FITC. TRITC was used for the control
DNA. The same results were obtained in some cases with
a reversed painting scheme ( data not shown). In this pub-
lication, FITC always refers to the detection of tumaor
DNA, while TRITC refers to control DNA.

Correction of optical shift. When filter cubes are
moved to collect the fluorescence emission of a single
fluorochrome, optical and mechanical imperfections may
cause image shifts relative to each other. These shifts
were corrected by the alignment of the gravity center of
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Fic. 1. Homogeneity of the illumination. Images (512 X 512 pixels)

of an empty field on a slide used for comparative genomic hybridization
(CGH) experiments were acquired using a 12-bit cooled charge-coupled
device (CCD) camera (Photometrics ) with an exposure time of 10 s and
the 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) filter combi-
nation. The inset (top right) shows the line that was drawn to mark the
area of measurement. The average pixel intensity for ten columns (cach
covering 512 rows) is presented as a function of the position. The illu-
= mination field is considered homogencous if values above 0.1 are ob-

: tained using the following formula: (maximum pixel intensity value —
minimum pixel intensity value}minimum pixcl intensity. In the pre-
sented case, the value is 0.05.

a single chromosome in the FITC, TRITC, and DAPI im-
ages (modified from 26). Iterating segmentation was ap-
plied in order to obtain a segmentation mask of approx-
imately the same area in the three images. This
segmentation was used only for the correction of the
optical shift. Mask gravity centers were computed as well
as contours of the mask. After an initial alignment, the
final alignment was performed by moving the second
image by one pixel in the eight directions of Freeman; the
final position corresponds to the minimal integrated gray
value in the first image through the border line (contour)
of the chromosome mask (after binary dilatation) in the
second image.

Determination of chromosome axis. Automatic
chromosome segmentation for further measurements
was achieved on the DAPI image after 1) zeroing the
pixel values with gray level less than 30 (scale 256; gray
levels less than 30 correspond to background pixels that
are remote from chromosomes using the current mode to
choose the exposure time) and 2) applying a “Hat” con-
volution (13 X 13 pixels; see 21). The mode of the gray-
level histogram of the Hat filtered DAPI image was used
as the threshold. This resulted in satisfactory chromo-
some segmentation masks even of the short arms of the
acrocentric chromosomes (Fig. 3). These masks were
used 1) to calculate a FITC by TRITC pixel-by-pixel ratio
image for each metaphase as described previously (3)
and 2) as a basis for the determination of chromosome
axes. The Hilditch skeletons (5) were calculated for each
chromosome after 1) filling of the holes inside in the
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chromosome masks that did not exceed 300 pixels and
2) calculating the convex hull of the mask. Branching
points in skeletons are attributable to 1) faiture to obtain
separate chromosome masks from attaching or overlap-
ping chromosomes by the segmentation process and 2)
the separation of the sister chromatids of one chromo-
some. For chromosome skeletons containing branching
points, the segmentation process was repeated without
user interaction using two different thresholds (for over-
lapping chromosomes or split chromatids). The final
chromosome axis (Fig. 4) was obtained after extension of
the chromosomal skeleton tips and smoothing (modified
from 18). No interactive correction of chromosome axes
was made.

Chromosome identification. The fluorescence
banding pattern obtained after DAPI staining was used for
chromosome identification (Fig. 2d). Chromosome iden-
tification was facilitated by using the DAPlinverse video
image resembling a Giemsa banding. User interaction in-
cluded the notation of the chromosome number and the
chromosome orientation. The chromosome axes were
displayed, and chromosomes with incorrect axes were
excluded from cvaluation. Commeonty, due to overlap-
ping chromosomes or incorrect axis, zero to five chro-
mosomes per metaphase spread were excluded from
analysis.

Determination of FITC, TRIVC, and DAPI pro-
Siles. Gray-level segmented images were obtained by as-
signing zero values for pixels that were not inside the
chromosome masks created by the segmentation process.
The profiles for the FITC, TRITC, and DAPI gray-level
segmented images were computed by sampling perpen-
dicular to the chromosome axis using bilinear interpola-
tion (Fig. 5b). The chromosome ends were defined on
the basis of the DAPI and the TRITC intensitiecs. The
chromosome profiles were enlarged by linear interpola-
tion to a predefined size for each chromosome type ac-
cording to chromosome length measurements (17). For
example, the length of chromosom: 3 was set to 153
pixels (Fig. 5¢). The FITC and TRITC fluorescence back-
ground values were estimated as the average gray value
of the whole corresponding initial image excluding any
areas containing interphase nuclei. In a pilot study, the
above definition of background was superior to other
definitions based on the nonchromosomal (and nuclear)
area of the images (see Discussion). The fluorescence
ratio profile was calculated as the quotient of FITC and
TRITC intensities after background subtraction (Fig. 5d).

Averaging of individual profiles. The mode value
of the histogram of the fluorescence ratio profile of all
individual chromosomes of each metaphase was normal-
ized to one (Fig. 5d.¢). The normalization was necessary
to compensate for eventual scale shifts due to the con-
version of the 12-bit to 8-bit images. After this normaliza-
tion, the arithmetic mean of the profile values of each
chromosome type was computed (Fig. 5f).

Determination of tbresholds. In cases where in-
formation on tumor ploidy was not available, a balanced
state of chromosomes was defined by the central value,
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Fic. 3. Segmentation masks of a4 metaphase spread. Left: DAPI image.
Right: Gray-level image afier segmentation. Bottom: The mode of the
gray-value histogram of the DAPI image (Hat filtered) is used as thresh-
old for segmentation.

Fie. 4. Determination of the chromosomal axes on the segmentation
- masks of a metaphase spread. Chromosomal axes were derived from the
skeletonization of the segmentation masks followed by an elongation of
“‘the skeletons beyond the segmentation masks.

Fig. 2. CGH experiments using DNA extracted from a primary small-
eell lung carcinoma (SCLC). Images of a normal metaphase spread
:1(46,XX; a) hybridized with SCLC DNA subsequently detected with flu-
“orescein isothiocyanate (FITC; b) hybridized with control DNA (46.XY)
subsequently detected with tetrarhodamine isothiocyanate ( TRITC) and
(€} counterstained with DAPIL. d: Identification of the chromosome on
he basis of an inverse video DAPI image. e: Fluorescence ratio image
'5¢e Materials and Methods and ref. 3) of the same metaphase. The
chromosomes were interactively ordered to facilitate the compatison of
¢hromosome homologues. A three-color look-up table was chosen for
the visualization of the pixel-by-pixel FITC/TRITC ratio. Chromosome
areas displayed in green represent high ratio values corresponding to
8ains in the tumor; red arcas represent low ratio values and indicate
Osses in the tumor, Blue corresponds to a balanced state of the chro-
Nosome material.
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Fi6. 5. Schematic representation of the steps used for the quantitation
of CGH experiments. a: Chromosomal axis on the segmentation mask of
a chromosome 3. b: FITC and TRITC profiles are extracted by calculat-
ing the mean of the pixel values located in lines perpendicular to the
chromosomal axis inside of the segmentation mask. ¢: Profiles are lin-
carly stretched to a predefined size. d: After background subtraction,
FITC-to-TRITC ratio profiles are computed. e; Fluorescence-ratio pro-
files are normalized using the mode of the ratio-value histogram for cach
metaphase (see d ). f: Average ratio profiles are obtained by averaging the
individual profiles. This is displayed along the ISCN chromosome idio-
gram. The central line (CL) representing the balanced state is defined as
the mode of the histogram of the average ratio profile for all chromo-
some types (g). The normal range is defined as the interval between the
lower (LT) and the higher threshold (HT; 50% thresholds displayed).

i.e., the mode of the histogram of the resulting average
profile values for all chromosomes (Fig. 5f,g). This value
reflects the most abundant fluorescence ratio observed
and does not necessarily correspond to the presence of
two copies, i.c., a diploid state (Fig. 5g). In triploid or
tetraploid cells, for example, this value corresponds to
chromosomes present in three and four copies, respec-
tively.
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Depending on the availability of information on the
ploidy of a test sample, three categories were defined to
calculate both the central value (balanced state) and the
thresholds for chromosomes present in unbalanced copy
numbers: The first category comprised cases without in-
formation on the ploidy level. In routine tumor samples
used for CGH, for example, the ploidy level was generally
not known. In the second category, ploidy was estimated
by interphase cytogenetics of tumor nuclei using DNA
probes that map to chromosome segments with fluores-
cence ratios indicating a balanced state (see below). The
third category reflects cases in which the ploidy was
known from DNA-index measurements, e.g.,, by flow or
image cytometry. The calculations for the determination
of the assumed thresholds indicating gains or losses are
described for each of these categories in the fcllowing.

1. Determination of thresholds for average ratio pro-
files without any DNA ploidy information: Thresholds
were arbitrarily defined as the theoretical value that
would be expected in a diploid tumor cell population for
a trisomy or a monosomy of 2 certain chromosome in 50%
of the test cells (i.e., 1.25 for a trisomy and 0.75 for a
monosomy ). The sensitivity of such thresholds decreased
with increasing ploidy levels of the test cell population.

2. Determination of thresholds with an approximation
of the DNA ploidy based on interphase cytogenetics:
Analysis of the copy number of a chromosomal region in
nuclei of the test sample could be performed by fluores-
cence in situ hybridization (FISH) using region-specific
probes. The average number of interphase signals (per
nucleus) for a region presenting a ratio value close to the
central line (balanced state) provided the basis for the
estimation of the ploidy. The closest round integer to the
average number of interphase signals was assumed to
provide the ploidy level. The multipiicative coefficients
of the central value were calculated using the following
formula: lower threshold = (ploidy level — 0.5)/ploidy
level; upper threshold = (ploidy level + 0.5)/ploidy
level. This resulted in values of 0.75 and 1.25 for diploid
or pseudodiploid tumor cells, 0.83 and 1.17 for pseudo-
triploid, 0.88 and 1.12 for pseudotetraploid tumor cells,
and so forth.

3. Determination of threshold values in cases with
DNA content measurements: The mean of the average
fluorescence ratio values obtained for homologous chro-
mosomes from a series of metaphase spreads was propor-
tional to the DNA index of the cell population. Conse-
quently, instcad of using the mode (see above) in this
particular case, the central value was calculated as the
mean of the average fluorescence ratio. To calculate the
multiplicative coefficients of the central value, the fol-
lowing formula was used: lower threshold = (DNA index
— 0.5)¥DNA index; upper threshold = (DNA index +
0.5VDNA index. Accordingly, when the DNA index is
available, the absolute copy number of chromosomes
could be estimated from fluorescence ratio values assum-
ing that fluorescence measurements are performed
within the linear range.

Alternatively, a statistical threshold can be defined op
the basis of the distribution of the ratioc value of balanced
chromosomes (see below under Variability of Ratio Pro.
files).

Presentation of results. Average ratio profiles are
displayed at the right side of chromosome idiograms
(ISCN 1985, 400 bands; 6). The central line reflects the
balanced state, whereas the lower and upper thresholds
are represented by the lines left and right of the central
line, respectively (Fig. 5f). Furthermore, the program
provides a set of parameters describing the quality of the
CGH experiments, including the number of chromosome
homologues used in the analysis, the mean fluorescence
ratjos, the length of the chromosomes, the fluorescence
background staining, and the granularity of the painting
(for definition of the latter, see below under Quality Con-
trols). In order to display the summary of a series of CGH
experiments of a particular tumor entity, gains and losses
of chromosome material are visualized as bars next to
chromosome idiograms (see, e.g., 19,20).

Quality controls. The following parameters and cri-
teria are used to select reference metaphase spreads and
to judge the usefulness of images taken from CGH prep-
arations for quantitative assessment. Seclection is per-
formed both during the image acquisition step and during
image processing. Usually, ten-well spread metaphases
fitting entirely into the 512 X 512 pixel frame were im-
aged for each case. Seventy to one hundred percent of
these metaphase spreads fulfilled the selection criteria
for the image analysis. All the images of the tumor cases
analyzed by CGH in our two laboratories were stored and
were used to assess the range of variation of the param-
eters.

CGH preparations. The following parameters are
considered to be most important in obtaining CGH prep-
arations useful for quantitation. 1) Equal concentration of
the control and test DNA should be used. 2) Only meta-
phases with optimal spreading, i.e., zero or very few over-
lapping chromosomes, should be selected for image anal-
ysis. 3) Immunological background staining should be
minimal. It is particularly critical in this respect to avoid
residual cytoplasm in metaphase spreads. 4) Sometimes,
an entire batch of metaphase spread preparations appears
to be unsuitable due to a speckled chromosome painting
pattern. CGH experiments using a mixture of differently
labeled normal genomic DNA is, therefore, applied to test
each batch of metaphase spread preparations. 5) The
choice of proper control DNA is also important. DNA
extracted from the peripheral blood of one of our donors
resulted in fluorescence ratios for chromosome 19 that
were systematically beyond the normal range. This phe-
nomenon was overcome by using control DNA isolated
from another donor. 6) Metaphase spreads selected for
the analysis of a given case should provide a similar de-
gree of chromosome condensation. In our experiments,
the mean length of chromosome 1 for each case was in
the range of 8§—14 pm.

Suppression in situ bybridization. The measure-
ment of fluorescence ratios meaningful for the detection
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- of chromosome copy number changes critically depends
‘on efficient suppression of interspersed, repetitive se-
. quences present in the test and control genomic DNA.
 suppression is achieved by the addition of nonlabeled
“Cotl DNA to the hybridization mixture. Efficient sup-
. pression can be confirmed by the apparent lack of paint-
ing of tandemly repetitive DNA blocks contained in the
constitutive heterochromatin of the chromosomes (for
example, 1q12, 9q12, 16q12, 19 cen) by both test and
control genomic DNA in contrast to an intensive, appar-
ently homogeneous painting (for quantitative criteria see
below) of all euchromatic chromosome arms by the con-
tro} genomic DNA.
Fluorescence background assessment. In order
to select images with homogeneous and intense chromo-
some painting, the coefficient of variation of the fluores-
cence intensity of the painting by the control DNA should
be lower than 20%. Exposure times of less than 10 s
should be sufficient to obtain maximum values for chro-
mosomal pixels of about one-haif of the dynamic range of
the CCD camera.
Fluorescence dynamic range. The dynamic range
of the fluorescence signals is evaluated by the mode of
the fluorescence intensity of the chromosome painting
divided by the fluorescence intensity outside of the chro-
mosomes. The quotients were in the range of 2—6. High
values (>4.5) gave best results, whereas images with val-
ues lower than 3 were excluded.
Metaphase image bomogeneily. In order to asses
the homogeneity of the field, the gravity center of the
mask of the DAPI-stained metaphase spread was com-
pared with the intensity weighted gravity center of the
. FITC, TRITC, and the ratio images. A shift of the gravity
centers of more than four pixels for the ratio image and
. ten pixels for the FITC and TRITC images (in one direc-
tion) indicate either heterogeneous field illumination or
staining, respectively (see Figs. 6, 7). A shift of this extent
is not compatible with quantitative evaluation.
Granularity of chromosome painting. Speckled
painting of chromosomes leads to a high-frequency noise
in the ratio profile. A parameter to describe the granu-
larity was defined. A uniform linear filter (5 X 5) was
applied to the FITC, TRITC, or ratio image (uniform im-
age). For chromosomal pixels, the square of the differ-
ence between the original image and the uniform image
i was computed and then normalized by the original image
(sec Fig. 8). The granularity of the FITC image (typically
0.5) was often more pronounced than that of the TRITC
image (0.3). Metaphase spreads that revealed values
higher than 1 were excluded from the analysis. We ob-
- served a correlation of granularity with probe labeling
and detection schemes. The chromosome painting signal
2 was more homogeneous if the probes were labeled di-
rectly using fluorochrome conjugated nucleotides (e.g.,
fluorescein AUTP). With such probes, the granularity pa-
rameter was approximately 0.35. It increased to values of
0.5 if biotinylated probes were detected with one layer of
avidin FITC, and it increased to values of 0.8 if a signal
amplification procedure—e.g., with one layer of biotiny-
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Fic. 6. Nonhomogeneous flucrescence ratio image. Due to heteroge-
neous illumination or fluorescence background staining, the fluores-
cence ratios vary from the periphery to the center of the ficld. The
inhomogeneneity is detected by the gravity center shift parameter of the
ratio image (value: horizontal shift = 0 pixels, vertical shift = 8 pixels).
This image has to be excluded from the analysis.

Fic. 7. Nonhomogeneous FITC image. A group of chromosomes at
the top of the image are noticeably more intensely labeled. This in-
homogeneity is detected by the gravity center shift parameter of the
FITC and ratic image (values for FITC, horizontal shift = 0 pixels, ver-
tical shift = 16 pixels). This image has to be excluded from analysis.

lated antibodies and one layer with avidin FITC-—was
applied.
Variability of ratio profiles of balanced chromo-

somal regions. The quality of 2 CGH experiment is re-
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Fic. 8. FITC images of smooth and speckled chromosome painting
patterns. a: Hybridization of DNA of an SCLC case (the same case as in
Fig. 2). The average ratio profiles were smooth for five metaphase
spreads with similar granularity (examples of chromosomes 2 and 7 are
presented). The granularity parameter for this image equals 0.51. b:
Hybridization of DNA of a medulloblastoma case. A significant high-
frequency noise is present on the average ratio profile of seven meta-
phase spreads of similar granularity (examples of chromosomes 2 and 7
arc presented ). The granufarity parameter for this image equals 1.9. Such
a metaphase has to be ¢xcluded from the analysis.

flected by the variability of the average fluorescence ra-
tio values for balanced chromosomal regions in the test
genome. The following parameter was created with the

assumption that the ratio distribution for balanced chro-
mosomal regions can be extrapolated from the ratio dis.
tribution in the vicinity of the central value (the centraj
value is the mode of the histogram in Fig. 5g). In a coniro}
CGH experiment (normal DNA vs. normal DNA), the av-
erage ratio values were assumed to follow a normal
distribution. The standard deviation, coefficient of varia-
tion (SD/mean), and confidence intervals were calculated
accordingly. The average ratio value distribution of a test
CGH experiment is composed of values corresponding to
balanced and unbalanced chromosome segments. An es-
timation of the spreading of the distribution (standard
deviation and coefficient of variation) of the ratio values
corresponding to the balanced status in test CGH exper-
iments should describe the quality of the cytological
preparation. For this purpose, the interval around the
central value of the average ratio histogram containing
50% of the value was calculated. Assuming that 50% of
the tumor genome is balanced and considering a normal
density function, this interval is equal to X0.67 the stan-
dard deviation for the values corresponding to the bai-
anced state. The standard deviation of the central value
and the coefficient of variation of the balanced state ratio
value (CVBS) is then computed and used to compare
different experiments. The limit of the 95% confidence
interval of the central value (central value = 1.96 8.D.)
can be calculated and could serve as the statistical thresh-
olds (see below). The range of CVBS varied between 7%
for optimal experiments and 25% for experiments with
erratic profiles considered s noninformative.

Interphase Cytogenetics

A single-cell suspension of a human glioma (case I
described in 20) was prepared as described (25); cells
from acute myeloid leukemia (AML) patients (1) were
prepared according to standard protocols. Dual-color
FISH was performed with various DNA fragments cloned
in plasmid, phage, cosmid, or yeast artificial chromosome
(YAC) vectors. Alu-PCR amplification of YAC inserts and
FISH was carried out as described (13,20). The hybrid-

* ization efficiency of each clone was tested in nuclei of

normal human lymphocyte preparations. Each of the
clones showed two distinct signals in some 95% or more
of these puclei (data not shown ). At least 100 nuclei from
each tumor sample were evaluated. The following probes
were used. The chromosomal map position is provided in
parenthesis: YAC-clone HTY 3026 (5q13—14), UTY 3172
(7936), HTY 3143 (9q21.1), HTY 3177 (9q13-21), HTY
3030 (16q23), HTY 3141 (17p13), and HTY 3147
(22q13). These clones were a generous gift of Helen
Donis-Keller (St. Louis, MO). The clone HY 129 (21q22)
was a generous gift of Drs. M.C. Poitier and M. Goedert
(Cambridge, U.K.). The cosmid clone cos 29 (5¢33) was
provided by Greg Landes (Framingham, MA). The phage
clones containing the RB1-gene were kindly provided by
Thaddeus Dryja (Cambridge, MA; 27); three overlapping
cosmids containing the p53 encoding genomic region
(17p13) were kindly provided by Johannes Coy and
Annemarie Poustka (Heidelberg); chromosome-specific
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centromeric DNA probes of chromosomes 7, 8, and 12
cloned in plasmid vectors were kindly provided by Hun-
tington Willard (Cleveland, OH).

RESULTS

The detection of chromosomal imbalances by the CGH
ratio profile relies on the appropriate definition of
thresholds defining the three intervals of normal (bal-
anced ), underrepresented, and overrepresented chromo-

somal material.

Fifty Percent Thresholds

The 50% threshold was designed for chromosomal im-
balances present in 50% or more of the cells of a tumor
sample (see above under Determination of the Thresh-
olds). This threshold is only valid if there is a tight, linear
correlation between the theoretical ratios and the ratios
that can be obtained from a CGH experiment. If 50% of
the cells carry a chromosomal imbalance, the theoretical
ratios are 0.75 for a monosomy and 1.25 for a trisomy.
These values were chosen as thresholds and tested with
respect to their specificity and sensitivity regarding the
detection of chromosomal imbalances in tumors. The ra-
tio profiles of CGH experiments with normal control
DNA vs. normal control DNA (for consideration of the
gonosomes, the sex of both controls should be the same)
served as a control experiment. In this case, the ratio
profile is expected to stay within the interval defining the
normal range with only small deviations from the central
line as shown by the example presented in Figure 9.

The correlation between theoretical and experimental
ratio values was assessed by a comparison of the ex-
pected ratio (deduced from the chromosomal copy num-
ber determined by interphase cytogenetics) with exper-
imental CGH ratio values. For this comparison, an
anaplastic astrocytoma was selected exhibiting multiple
chromosomal gains and losses. The average ratio profile
of this tumor is presented in Figure 10. Yeast artificial
chromosome clones and chromosome-specific repetitive
probes were hybridized to isolated nuclei of the tumor.
The chromosomal position of these probes as well as the
mean of the number of hybridization signals per cell are
indicated in Figure 10. Plotting of these mean values vs.
the ratio values of the corresponding chromosomal areas
revealed a strong linear correlation (r = 0.83).

For two probes that map to 9921.1 and 9q13-21 in the
vicinity the heterochromatic block at 9q12, there was 2
notable deviation from the regression line: The enumer-
ation of the interphase signal was consistent with three
copies corresponding to the ratio values of distal 9q (and
proximal 9p), whereas the targeted proximal 9q region
exhibited even higher ratio values. These high ratios,
however, have to be considered as artifacts derived from
the heterochromatic region 9q12. Due to signal suppres-
sion by Cotl DNA, segments such as 9q12 containing
tandemly repetitive DNA show only residual staining (Fig.
11). Accordingly, ratio values obtained for such regions
may be exceedingly high or low, although the region is
present in balanced copy number. For this reason, the

Fic. 9. The average ratio profile of a normal vs. normal CGH exper-
iment (average of nine metaphases) displayed along the chromosome
idiograms. The three vertical lines at the right side of each chromosome
scheme indicate the two thresholds ( 50% thresholds displaved) flanking
the central line (for definition, sce text). Ratio values are in the normal
range for all chromosomes. Except in tizc regions with high content of
repetitive sequences (gray shaded boxes), the ratio value does not de-
viate significantly from the central line. The minimal average ratio value
is found for chromosome 18 (0.93), and the maximum is found for
chromosome 16 (1.04; calculated excluding the heterochromatin
block).

ratio values obtained for heterochromatic regions are gen-
erally neglected in CGH studies (9,10,19,20,22-24). Due
to limitations of the spatial resolution of the CGH ratio
profile along the idiogram, such erroneous ratio values
may also affect regions in the immediate neighborhood,
a problem that is observed in all chromosomal regions
containing large, variable-sized heterochromatic blocks
(for further considerations on spatial resolution, see
Discussion).

In order to test the validity of the 50% threshold, we
first analyzed the psendodiploid cell line, ACHN, estab-
lished from a single-cell clone of a cultured renal cell
carcinoma (12). Average ratio profiles are shown in Fig-
ure 12 next to the chromosome idiograms. Applying the
50% thresholds, chromosomal gains were identified for
1q, 2, 7, 10q, 12, 16, and 17. Taking into account the near
diploid state of the ACHN cell line, the profiles suggest a
trisomic state of 1q, 2, 10q, 16, and 17 and a tetrasomy of
7 and 12. This is in full agreement with the results of
chromosomal banding (12) and previous CGH experi-
ments using chromosome mask measurements (3).

CGH analyses are often carried out with tumor material
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Fi6. 10. Comparison of average ratio profiles with interpbase cyto-
genetic analysis in an anaplastic astrocytoma (average of ten meta-
phases). Black bars indicate the mapping positions of yeast artificial
chromosome (YAC) clones and alphoid DNA scquences (probes are
listed in Materials and Methods). At the right of each bar, the average
number of signals is given for 100 nuclei from an uncultured cell sample.
The inset (top right) shows the average signal number for each probe
according to the average fluorescence ratios calculated for the corre-
sponding regions. The balanced state was assumed to correspond to the
pseudodiploid state (regression value = 0.83; 50% thresholds dis-
played). For further explanations, see text.

containing several cell clones with different karyotypes.
Because the thresholds of 0.75 and 1.25 correspond to
the values that are expected for chromosomal imbalances
present in one-half of the cells, it was important to ex-
amine the validity of the thresholds with test DNA from
blood samples that contained certain clonal aberrations
in a known proportion of the cells (interphase cytoge-
netics data).

As a test, in ten cases of nearly diploid acute myeloid
leukemia, we compared the identification of chromo-
somal imbalances by CGH with the results of G-banding
analysis and the frequency of certain clonal aberrations
by interpbase cytogenetics (1). Applying the 50% thresh-
old, concordant results were obtained for all chromo-
somes (except chromosome 19) when the imbalances
were present in more than 35% of the cell population
(the only two examples with proportions =35% are
shown in Fig. 13). Notably, the clonal representations
observed by interphase cytogenetics allow a direct com-

Fie. 11, FITC, TRITC, and DAPI images and inverse video DAPI image
(left to right) of chromosome 9 (same case as Fig. 10). Only residual
hybridization intensities are present on the 9pl1-ql2 region due to
suppression of the hybridization of repeated sequences by the Cot 1
fraction of human DNA.

Fic. 12.  The average ratio profile for the cell line ACHN (using nine
metaphase spreads) displayed with 50% thresholds. All ratio values arc
outside the normal range. The chromosomes or chromosomal arms 14,
2,7, 10q, 12, 16, and 17 are consistent with the chromosomal imbalances
previously described by banding analysis. In the gray-shaded regions,
ratio values are not interpretable. These regions consist of clustered,
repetitive DNA sequences that are partly suppressed within the probe
sequences under the experimental conditions used.

parison with the CGH data, since both experiments were
performed with aliquots from the same uncultured ma-
terial. Accordingly, percentages of cells with chromo-
somal imbalances given below all refer to interphase cy-
togenetics data. In two cases, the ratio profiles for
chromosome 19 displayed values outside of the normal
range (subregions corresponding to the bands p13.3 and
q13.3), although banding analyses indicated no abnormal-




)API image
ly residual
on due to
the Cot 1

.. S .

using ninc
values are
1 arms 1q,
mbalances
d regions,
clustered,
the probe

1ts were
red ma-
chromo-
hase cy-
iles for
- normal
13.3 and
normal-

AML-8 AML-7 CLL-] CLL-R
Chr 8 13 12 17
|
] |
8.5% 76.5% 64.2%¢

Fie. 13, Comparison of average ratio profiles of chromosomes from
acute myeloid lenkemia (AML) and chronic lymphoid leukemia (CLL)
cases with interphase cytogenetic results. Black squares indicate the map
positions of DNA probes used (probes are listed in Materials and Meth-
ods). Ratio values for chromosomal regions showing aberrations in 8.5%
and 35.0% of the cells using interphase cytogenetics were within the
normal range and cannot be detected using 50% thresholds. Aberrations
present in higher percentages of the cells were clearly detectable, as the
ratio values for these chromosomal subregions were outside the normal
range.

ities. This unexpected variation of the ratio for chromo-
some 19 was associated with low suppression as assessed
by the signal intensities on the heterochromatic blocks at
1q12, 9912, and 16q12. Chromosome 19 is known to be
highly enriched in small, interspersed repetitive elements
(SINEs). Incomplete suppression of SINEs could result in
ratio deviations due to polymorphisms of SINE sequences
between test and control DNA rather than to changes of
the chromosomal copy number.

In ten cases of chronic lymphocytic leukemias (CLL)
exhibiting two normal copies for chromosome 19 by
banding analysis, the chromosome 19 average ratio pro-
files were entirely in the normal range except for one
case. In this case, the CGH ratio profile suggested an
overrepresentation of the chromosome. Interestingly, the
FITC and TRITC painting pattern showed an R-banding-
like distribution (see Discussion ).

For two cases of the CLL series, the copy number of the
unbalanced chromosomal regions was determined by in-
terphase cytogenetics (Fig. 13). In cases where a chro-
mosomal imbalance was present in >50% of the cells
(CLL-I and CLL-R), the average ratio profiles were clearly
outside the normal range, whereas imbalances present in
less than 50% of the cells (AML-7 and AML-8) resulted in
average ratio values within the normal range.

Statistical Threshold

As an alternative to thresholds defined for the presence
of a numerical aberration in a certain proportion of a cell
clone (such as the 50% threshold), thresholds can also be
defined by a 95% (central value = 1.96 $D.) or 99%
confidence interval {central value * 2.57 S.D.). Applying
the 95% interval to the set of AML cases, the same chro-
mosomal imbalances were found as with the 50% thresh-
olds, i.e., aberrations in less than 35% of the cell popula-
tion escaped detection. Figure 14 shows two examples
iHlustrating the relationship of the width of the interval
with the coefficient of variation of the balanced state
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Fic. 14. Sensitivity of the 95% confidence interval. a: 95% Confi-
dence interval for AML cases 7 and 49. The width of the interval can vary
widely (exemplified for the chromosome 2) according to the variation of
the ratio value for balanced chromosome as assessed by the coefficient
of variation of the balanced state ratio value ( CVBS; case 7, 16.55; case
49, 7.4; see also Table 1). b: A deletion involving the chromosomal band
1314 was not detected with the 50% threshold but was detected with
the 95% confidence interval, demonstrating the higher sensitivity of this
threshold (in case of low CVB$). This deletion was independently found
by interphase cytogenetics using the RB-1 probe located within 13q14.

value (CVBS). For comparison with the 50% threshold,
multiplicative coefficients of the central value were cal-
culated from the 95% and 99% confidence intervals ( Ta-
ble 1). With higher confidence intervals, the sensitivity
to detection of imbalances decreases. Accordingly, with
the 99% interval, several imbalances were missed within
the AML cases (only four chromosomal imbalances were
detected by CGH from a total of eight imbalances de-
tected by G-banding). The 95% interval showed a sensi-
tivity similar to the 50% thresholds; six out of eight
aberrations were detected. The two chromosomal imbal-
ances missed by the 95% confidence interval were con-
firmed by interphase cytogenetics to be present in 35%
and 8.5% of the nuclei (Fig. 13). The minimal percentage
of cells carrying an aberration, which can be detected
with the 93% confidence interval, is clearly dependent
on the quality of the preparation (i.e. the CVBS): the case
carrying an aberration in 35% of the interpbhase nuclei
(AML-7) has a high CVBS (16.55% ); however, with low
CVBS (9.3%, CLL-H), the 95% confidence interval
proved to be more sensitive. For example, a deletion in-
volving the chromosomal band 13ql4 confirmed by in-
terphase cytogenetics was found with the 95% confi-
dence interval but was missed by the 50% threshold (Fig.
14).
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Table 1
Multiplicative Coefficients Applied to the Central Value for
95% and 99% Confidence Interval Thresholds for the Ten
AML Cases (in Each Case, Seven to Ten Metaphase
Spreads Were Analyzed)®

Multiplicative coetficient

Case 95% Confidence interval 99% Confidence interval

2 0.73 1.27 0.67 1.33

7 0.69 1.31 0.52 1.48

8 0.75 1.25 0.68 1.32

11 0.73 1.27 0.66 1.34
12 0.76 1.24 0.69 1.31
49 0.86 1.14 0.81 1.19
1071 0.67 1.33 0.58 1.42
1748 0.83 1.17 0.77 1.23
2388 0.78 1.22 0.70 1.30
F 0.72 1.28 0.66 1.34

*The sensitivity of the 99% interval is insufficient (see text).
Note the important variation in width of the interval between
cases (by example, cases 7 and 49). Note that the smallest in-
terval is found for case 49. For considerations on the sensitivity
in terms of percentage of cells carrying imbalances, see Discus-
sion. For comparison, the multiplicative coefficient for the 50%
threshold is 0.75 and 1.25.

Spatial Resolution

In order to assess the ability of the CGH method to
physically map the borders of unbalanced regions, chro-
mosomes with partial imbalances were considered.
Within the series of test cell samples obtained fromy AML
and CLL patients, there were six partial imbalances. In
these cases, the chromosomal breakpoints, as determined
by banding analyses, were in the following bands; 6q13,
6q25, 7q11.2, 7q22, 17pll, and 17p11.2. These break-
points were compared to the position of the intersection
of the ratio profile with a line placed in the middle be-
tween the central line and the 50% threshold line. Using
the resulting intersection to delineate the borders of the
deleted segments in the 400-band idiogram, we could
map these borders to the same chromosomal bands as
observed by banding analysis of tumor metaphase
spreads. For further discussion of the spatial resolution,
see below.

DISCUSSION

We have developed and tested a program for the quan-
titative evaluation of CGH experiments.

Descriptive and Exclusive Parameters

Objective parameters were defined to select images of
reference metaphase spreads suitable for the calculation
of fluorescence ratio profiles. Nonhomogeneous illumi-
nation of the optical field and fluorescent background
staining resulted in regional variations of the fluores-
cence intensities and, thus, affected the precision of av-
erage ratio fluorescence profiles. Theoretically, taking
the ratio should compensate for such nonuniform illumi-
nation or inhomogeneous background staining. However,
experiments showed that only little variation of the illu-
mination is tolerable. The inhomogeneity of the illumi-

nation and the immunological background can be con-
trolled by gravity center shift parameters (see above
under Metaphase Spread Homogeneity). In the present
experiments, different filter sets were used for each flu-
orochrome. The following filter combination, as pro-
posed by Dan Pinkel (University of California, San Fran-
cisco), should minimize the differences of illumination
due to different wave lengths: three excitation band-pass
filters mounted on a movable wheel, a fixed triple band-
pass dichroic mirror, and a fixed triple band-pass emis-
sion filter (Chroma Technology Corp.). It should be em-
phasized that the granularity parameter as described
above was found to be particularly useful in excluding
metaphase spreads with speckled hybridization signals
from further evaluation.

To estimate the overall quality of a CGH preparation.
the coefficient of variation of the balanced state ratic
value (CVBS) is very valuable. It allows objective assess-
ment of the guality of the preparation. The accuracy with
which chromosomal imbalances can be determined in-
creases with decreasing CVBS. In preparations with a
very small CVBS, the determination of imbalances should
be possible even for subpopulations comprising <<50% of
the cells of a given test cell sample. CVBS provides a
powerful tool for evaluating the effect of modifications in
CGH protocols used in different laboratories.

Fluorescence Background Evaluation and
Ratio Calculation

The determination of the fluorescence background
staining is a critical step. Background fluorescence out-
side of the chromosome area resuits from the auto-
fluorescence of the microscopic system and the glass
slides and from the immunological backgroand due to
nonspecific binding of fluorescent reagents. Calculations
of the fluorescence ratios performed after subtraction of
the fluorescence intensity outside of the chromosome
area for each fluorochrome lead to fluorescence ratios
for chromosomal imbalances that are significantly closer
to the value of 1.0 than the ratio that would be predicted
from theoretical considerations. For example, the ex-
pected ratio value for a chromosome present in threc
copies in a pseudodiploid cell sample is 1.5. Figure 15
illustrates the effect of different background values on
the ratio dynamic range: The background calculation de-
scribed in Materials and Methods (ratio 1, Fig. 15) leads
to a ratio close to the theoretically expected value, ie.,
1.5 for a trisomic segment or 0.5 for a MonosomMic seg-
ment. Subtraction solely of the background fluorescence
measured outside of the chromosome area (ratio 2, Fig.
15) leads to ratio values closer to the central line. With-
out any background subtraction (ratio 3, Fig. 15), the
fluorescence ratios were found closest to this line.

The fluorescence intensities measured along a given
chromosome (except for heterochromatic blocks) is, in
general, a summation of 1) specific fluorescence derived
from hybridized probe fragments that are unique to this
chromosome; 2) fluorescence from interspersed, repeti-
tive sequences contained in the test and control DNA that
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Fic. 15.  Effect of the type of fluorescence background subtraction on
the dynamic range of the ratio. Ratio 1: The fluorescence intensity of the
whole image (excluding nuclei area) is used for the calculation of the
fluorescence background. Ratio 2: The fluorescence intensity outside
the metaphase area is used to estimate the fluorescence background.
Ratio 3: No background correction. Ratio 1 results in ratio values closest
to the theoretical values for monosomy (0.5), trisomy (1.5), etc. The left
and right lines correspond to the values 0.75 and 1.25, respectively.

can become a major source of background fluorescence
within a chromosome mask in case of suboptimal sup-
pression conditions; and 3) background fluorescence
due to nonspecific binding of labeled probe and detec-
tion reagents. Ideally, the second and third of these flu-
orescence sources should be subtracted from the first
fluorescence source for optimal fluorescence ratio dy-
namic. In practice, it may be difficult to fulfill this re-
quirement for CGH experiments. Although, in most FISH
experiments, the background to be subtracted can be
measured on nonlabeled chromosomes (3), such a pro-
cedure is not possible in CGH preparations. Therefore,
the background to be subtracted must be estimated in a
different way. In this study, the mean fluorescence of the
image excluding cell nuclei was subtracted as back-
ground (ratio 1, Fig. 15). This value roughly equals the
subtraction of 20% of the fluorescence intensity of the
chromosomes. The described background correction
was extensively tested in some 140 CGH experiments
performed in two different laboratories including 15 dif-
ferent types of malignaat tumors. When compared to sev-
eral other procedures of background correction (e.g., 8),
the background correction described here produced
more stable fluorescence ratio profiles in our hands for
batanced chromosome regions and produced fluores-
cence ratio dynamics that are closer to the theoretical
values for near diploid cell samples (monosomy, 0.5; di-
somy, 1; trisomy, 1.5, and so forth).

Thresholds

A series of ten AML cases with fully analyzed karyo-
types was used to test the program as well as the defi-
nition of the normal range between the 50% thresholds.
‘Except for aberrations present in only a low percentage
of the tumor nuclei, as expected from the definition of
these thresholds, CGH results were in full agreement
with the data from banding analysis (Fig. 13). In our ex-
perience, this threshold is very specific but of limited
sensitivity, since only aberrations present in at least 50%
of the cell population can be found. For chromosome 19,
fluorescence values outside of the normal range have to
be interpreted with caution in experiments with insuffi-
cient suppression hybridization conditions (see Results).
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Such an insufficient suppression could also resuit in chro-
mosome painting revealing an R-banding-like pattern,
since the most frequent interspersed, repetitive sequence
clements, the Alu elements, are predominantly located
within chromosomal R-bands (11,15).

The 50% thresholds, designed for near diploid cells,
have a lower sensitivity with respect to the detection of
genetic imbalances when applied to cell populations in
which near triploid or tetraploid cells are predominant.
For such cell populations, the theoretical ratio for a loss
or a gain of one copy of a given chromosome in 50% of
the cells is closer to the central value than in the case of
near diploid cells. For example, in the case of near trip-
loid cells, the values are 0.84 for the loss of one chromo-
some copy (instead of 0.75 for near diploid cells) and
1.17 for a gain of onec copy (instead of 1.25). The most
straightforward solution to defining the proper theoreti-
cal threshold is to measure the ploidy of the tumor sam-
ple by independent methods. Based on this evaluation, an
appropriate threshold can be defined more accurately
(see Materials and Methods). Such approaches are pres-
ently being tested.

Alternative thresholds designed on the basis of the sta-
tistical distribution of the average ratio value for balanced
chromosomal regions in the tumor sample were also ap-
plied. The 95% confidence interval of the central value
provided efficient thresholds (sce above under Determi-
nation of the Thresholds) that proved to be a good com-
promise between sensitivity and specificity in our exper-
iments. Using appropriate experimental conditions
(CVBS lower than about 13% ), the 95% confidence in-
terval threshold was found to be more sensitive than the
50% threshold. Table 1 shows the low and high limit of
the 95% confidence interval for the ten AMI. nases. The
smallest interval was found for case 49 (see Table 1;
0.86—-1.14), which did not reveal any imbaiances. This
interval theoretically excluded subclones with trisomies
or monosomies comprising a fraction of more than 28%
of the cell sample (0.28 X 1.5 + ¢.72 X 1 = 1.14}. In
conclusion, we are confident that, in CGH experiments
with low CVBS, a monosomy or trisomy present in even
a lower percentage than 50% of the cell population can
be detected using the statistical threshold. This statement
is currently being tested.

Spatial Resolution

The boundaries of partial chromosomal imbalances
mapped by CGH analysis were compared in six leukemia
cases with the breakpoints determined by chromosomal
banding analysis. In all cases, the band assignments of the
boundaries were consistent with the breakpoints defined
by conventional tumor cytogenetics.

For further refinement of chromosomal map positions
of the boundaries of the imbalanced regions, two main
problems must be soived. 1) The linear stretching of the
individual ratio profiles to a predefined length should
take into account regional differences in the condensa-
tion of chromosomes of different length. For small, inter-
stitial deletions and partial trisomies, a procedure of dif-
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ferential stretching of the ratio profile (from the initial
length to the predefined length) according to landmark
bands or appropriate chromosomal bar codes (14)
should compensate for a nonlinear condensation of the
chromosomes. 2) The second major limitation is related
to the comparison of the ratio profile and the chromo-
some idiograms. There are no reports available in the
literature that specifically describe the approaches used
for the positioning of chromosomal bands in the 1985
ISCN idiograms (4,16). Thus, the chromosomal position
defined after CGH might not be directly comparable to
the ISCN idiograms. New chromosome idiograms in-
ferred from DAPI fluorescence intensity profiles or other
chromosome banding procedures applicable to CGH ex-
periments may help to solve this problem (4). The small-
est deleted segments that we could detect so far by CGH
were in the order of 10 Mbp. A case in point is the dele-
tion of band 17p13 in a CLL case, although some dele-
tions on 13q involving the Rb gene may be even smaller
(see Fig. 14b).

Number of Metaphases

The optimal number of reference metaphases that
need to be evaluated for reliable CGH analyses is not
clear at present. For an optimal spatial resolution, meta-
phase spreads should be selected according to the fol-
lowing features (described in Materials and Methods): 1)
elongated chromosomes with a similar degree of conden-
sation as assessed by the chromosome length paramcter
and 2) a smooth painting pattern as assessed by the gran-
ularity parameter. For a maximal accuracy of relative
copy number assessments, low variability of the fluores-
cence ratio values (described by the CVBS of individual
metaphase spreads) as well as high fluorescence dynam-
ics are required. In our hands, evaluation of five to 12
metaphase spreads (generally ten) fitting these require-
ments gave acceptable results.

More than 140 cases of different tumor entities were
investigated by CGH in our laboratories (1,3,19,20,22—
24, unpublished data) using the program described here.
In all of the published work referenced above, the delin-
eation of chromosomal imbalances was based on the anal-
ysis of five to ten metaphase spreads using a 50% thresh-
old. For most of the solid tumor specimens investigated
by CGH, data from chromosome banding analyses were
lacking. Furthermore, for hematological malignancies
and some solid tumors, the results of banding analyses
showed differences compared with CGH data. These con-
flicting data indicate that clones that are predominant in
cultured cell samples may represent only a minor sub-
clone in vivo (1,20). In the AML samples used for this
study, interphase cytogenetics revealed the same clonal
frequencies of chromosomal imbalances in nuclei of un-
cultured and cultured samples (Bentz et al, in prepara-
tion). In many cases, the origin of a previously unknown
amplification could be mapped by CGH including a series
of malignant gliomas, small-cell lung carcinomas, and
breast cancers (9,19,20). Consensus regions for partial
gains and losses could also be mapped in these series

providing a starting point for the positional cloning of
genes whose overrepresentation or underrepresentation
plays a role in tumor initiation, progression, and the for-
mation of metastatic sites (2). Without quantitative eval-
uation applying the program presented here, the smallest
deletions would have escaped detection in at least some
of the cases studied in our Iaboratories.
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